Background: Trophoblast migration into maternal decidua is essential for normal pregnancy. It occurs in a defined time window, is spatially highly restricted, and is aberrant in some pathological pregnancies, but the control mechanisms are as yet ill-defined. At the periphery of the placenta, chorionic villi make contact with decidua to form specialised anchoring sites that feed interstitially migrating cytotrophoblast into the placental bed.
Background
The placenta is the first organ to develop, vascularised chorionic villi being already evident during the third week of gestation. Indeed, rapid early development is a prerequisite for normal progression of the embryo. From these early stages, spatial segregation gives rise to two popula-tions of placental villi, one that floats freely in the intervillous space, and a second population (anchoring villi) that acts to stabilise the mechanical integrity of the placentalmaternal interface [1] [2] [3] [4] . The surface of both types of structure is covered by trophoblast. The floating villi exhibit a bilayered epithelium consisting of cytotrophoblast with overlying syncytium, while the anchoring sites lack a continuous syncytium, featuring instead villous tips with multilayered columns of largely mononuclear cytotrophoblast [1, 5] . Villous cytotrophoblasts act as stem cells for both pathways. The syncytium functions as a transporting epithelium, while extravillous cytotrophoblasts in the distal columns provide physical anchorage of the villous tree, failure of which is likely to lead to miscarriage. The distal columns also act as feeder sites for a large population of migratory cytotrophoblasts that infiltrate the decidua and inner myometrium, where they colonise and transform the spiral arteries to allow increased blood flow to the intervillous space [6] . Impaired transformation of the myometrial arterial segments is associated with pregnancy pathologies including pre-eclampsia [7, 8] . Such considerations underline the importance of understanding the mechanisms that control trophoblast differentiation and entry to the migratory or syncytial pathways.
Investigations of events that occur during formation of anchoring sites and the signals that lead to extravillous trophoblast differentiation require experimental systems that replicate as faithfully as possible placental development in vivo. We have used an explant model [5, [9] [10] [11] in which stem villous cytotrophoblast at the tips of mesenchymal villi is stimulated by attachment to an extracellular matrix (ECM) to undergo a proliferative burst. This is followed by cell reorganisation into a radial outgrowth that resembles the cytotrophoblast columns and shell seen in vivo, both in terms of morphology and the progressive expression of molecular markers of the extravillous pathway [9, 10] . The process depends on interaction between fibronectin deposited by the cytotrophoblasts and its receptor, integrin α5β1, at the cell surface [10] . However, cell detachment from the distal column, migration and infiltration of the surrounding ECM as seen in vivo are not observed in vitro.
These findings suggest that whilst contact with a permissive ECM triggers the development of cytotrophoblast columns that function effectively in tissue anchorage, it is insufficient to stimulate the acquisition of a migratory phenotype. Thus, cell migration apparently requires a further stimulus. Using a placenta-decidua coculture system we have tested the possibility that this might arise from maternal decidual cells, but the results were remarkably similar to those seen in explants on cell-free ECM, suggesting that decidua may not be the source of a paracrine stimulus to trophoblast migration [9, 12] . In the light of these findings we have now investigated another potential source of paracrine effectors, namely the mesenchymal cell population that lies beneath the villous cytotrophoblast. At the base of cytotrophoblast columns, mesenchymal cells extend processes that approach and even make direct contact with the trophoblast basement membrane [4] . In the current investigation we show that first trimester fibroblasts produce signals that activate cytotrophoblasts to migrate from the periphery of nascent columns, and that one component of the paracrine repertoire is insulin-like growth factor (IGF).
Results

Trophoblast migration in explant culture is modulated by growth factors
Trophoblast cell lines, primary cell isolates and cells from placental explants have been previously observed to exhibit altered migratory activity in the presence of growth factors under various assay conditions. Activin [13] and IGF-II [14, 15] have both been reported to stimulate migration, while TGF-β1 has inhibitory effects mediated by alteration of the integrin repertoire expressed by these cells [14, 16] .
Explant cultures of first trimester villous tissue on a collagen gel substrate were tested to establish that responses to migration-inducing or -inhibiting stimuli could be observed. Outgrowth of multilayered sheets of cytotrophoblast occurred specifically from the attached tips of mesenchymal villi under control conditions, as previously reported [10] . The pattern of cell migration was strongly affected by the presence of specific growth factors in the medium: thus IGF-II ( Fig. 1a ), and activin ( Fig. 1b ) both stimulated extensive cell migration, with individual cells detaching from the outgrowing sheet and becoming radially oriented. In contrast, TGF-β1 showed strong inhibition of migration, the extent of sheet outgrowth being reduced as well as little evidence of elongated single cells migrating from the periphery ( Fig. 1c ).
Placental fibroblasts secrete factors that stimulate trophoblast migration
Cultures in which the medium was changed daily, with no serum or growth factor additions, showed radial multilayered outgrowth of cytotrophoblasts after 24 h, increasing in extent over several days ( Fig. 2a,2b,2c ). The outgrowths were confined to the gel surface. Cells in these sheets were densely packed and exhibited a largely rounded morphology. Although a few scattered single cells could be observed at the periphery, the vast majority remained in contiguity with the sheet, as previously described [10] . However, when the culture medium was left unchanged, an increase in migratory activity was observed over several days ( Fig. 2d,2e ). Cells at the periphery of the sheet migrated in streams, usually in a radial direction away from the tissue. Streaming cytotrophoblasts were largely bipolar. This suggested that an autocrine or paracrine stimulus within the explant might be important in trophoblast migration. Such a signal might arguably arise either from the trophoblast or mesenchymal cells present in the system.
In order to test the possibility that a stimulus of mesenchymal origin might modulate trophoblast behaviour, serum-free conditioned medium from confluent first trimester fibroblasts was added to villous explants on collagen gels 24 h post-attachment, with further daily replacement with fresh batches of conditioned medium. This significantly increased streaming-type migratory behaviour in the cytotrophoblast (Fig. 3a,3b ). This observation suggested that the low migratory activity seen when medium was changed daily was due to removal of a paracrine mediator originating in villous fibroblasts.
Placental mesenchymal cells produce IGF in vivo
First trimester placenta was assayed to investigate the possibility that an IGF-mediated signal might arise from cells in the mesenchyme adjacent to cytotrophoblast columns. Immunostaining indicated that a subpopulation of placental villous mesenchymal cells indeed produces IGF-I ( Fig. 4 ).
IGF-I stimulates streaming-type migration of cytotrophoblasts
Exogenous IGF-I (10 ng/ml) was added to explants after a 24 h attachment period. IGF-I produced a potent increase in streaming-type migratory activity, with large numbers of bipolar cells radiating from the tissue to the edges of the collagen (Fig. 5a,5b ). Fig. 6 shows the results of a comparative semi-quantitative analysis of the various experimental conditions. Various criteria for the assessment of trophoblast outgrowth were combined to produce a point score as described in Methods. IGF-I, IGF-II and fibroblast conditioned medium produced strong activity, while outgrowth in the presence of TGF-β1 was significantly reduced.
Depletion of IGF from fibroblast medium diminishes the migratory stimulus
Fibroblast conditioned medium was assayed for the presence of IGF-I using RIA. Levels of IGF-I in explant conditioned medium ranged from 2.8-7.2 ng/ml. In order to test the possibility that IGF-I action might stimulate trophoblast migration, the fibroblast conditioned medium was depleted of IGF-I using an affinity column, and screened post-depletion for migration-promoting activity in the explant model. The result was a remarkable reduction in cytotrophoblast streaming behaviour ( Fig. 5c, Fig. 
Figure 1
First trimester villous explants cultured on a collagen gel support in (a) IGF-II (6 days) or (b) activin AA (6 days) showing stimulation of cytotrophoblast migration across the gel surface. Note the separated bipolar cells oriented in the direction of migration. In (c) is shown an explant cultured for 7 days in the presence of TGF-β1. Cells are mainly rounded and migration is very limited. 
The effect of IGF-I is mediated by the type 1 IGF receptor
Immunolocalisation experiments demonstrated the presence of the IGF1R within proximal column cytotrophoblast cells of explanted villi (Fig. 7a ). The anti-receptor antibody also detected IGFR1 within some mesenchymal cells. Insulin receptor showed a similar distribution (Fig.  7b ). The insulin receptor substrate 1 (IRS-1) was also strongly immunopositive in the cell columns. In order to test the functional role of IGFR1, cultures were carried out using IGF-I (or fibroblast-conditioned SFM) to stimulate cytotrophoblast migration in the presence or absence of a function-blocking antibody to the type 1 receptor. The added antibody reduced streaming-type migration (Fig.   5d ). Cells grew in a scattered pattern with varied orientation across the collagen surface, a type of behaviour not observed under other conditions.
Discussion
In previous work, we showed that contact between the tips of first trimester mesenchymal villi and a permissive ECM stimulates the development of anchoring columns containing cytotrophoblasts that initially proliferate, and then differentiate in a pattern that resembles closely that seen in columns in vivo [9, 10] . However, the cells did not advance to a migratory pattern of behaviour, suggesting that a further stimulus is required. The present results identify placental mesenchyme as one source of this signal ( Fig. 8) . Developmentally, this is appropriate, as the investment of primary villi by extraembryonic mesenchyme occurs within the first few days after implantation, The need for mesenchymal stimuli to the trophoblastic epithelium during placental development has also been identified in the mouse, where the gcm1 gene product, which is needed for formation of the labyrinth, is stimulated in basal chorionic trophoblast by contact with the allantoic mesoderm [17] .
The presence of IGFs at the maternal-fetal interface has been documented both in humans and a variety of animal species [18] [19] [20] . The importance of the IGF system to pregnancy outcome has been clearly demonstrated by the severe fetal growth restriction that occurs in mice lacking either IGF-I or IGF-II [19] . There is evidence that fetal growth is dependent on IGF in humans [18] . We have now identified IGF-I as an important component in pla-cental mesenchymal-epithelial signalling. A role for the IGF system in promoting cytotrophoblast migration was suggested by the discovery that the extravillous cytotrophoblast of first trimester express mRNA encoding IGF-II [20, 21] , together with the demonstration that IGF-II stimulates trans-filter migration in cultured cytotrophoblast [14, 15] . From these findings arose the idea of an autocrine loop in which trophoblast might enhance its own migration.
We have used an explant model in which de novo development of columns occurs specifically at the distal tips of first trimester mesenchymal villi [10, 11] . Columns retain normal polarity, with a stromal compartment beneath the villous basement membrane. In this model IGF-II and activin AA [13] stimulate cytotrophoblast migration, providing further evidence in favour of autocrine effects. Addition of IGF-1 however produces a striking streaming pattern of cytotrophoblast migration. The production of IGF-I in vitro by fibroblasts is consistent with low but significant levels of IGF-I mRNA in this location in vivo [19] as well as immunoreactivity indicating that the factor is present. IGF-I appears not to be produced by trophoblasts. However cytotrophoblast in columns expresses the receptors IGFR1 and IR as well as their intracellular target IRS-1. A fraction of placental IGFR1 heterodimerises with IR [22] . IGFs can act through the insulin receptor [23] .
We therefore postulate the existence of a paracrine mechanism that stimulates trophoblast migration (Fig. 8 ). Further work will be required to investigate the part played by the IGF/insulin receptor family in trophoblast migration, including other intracellular targets and the phenotypic alterations that confer increased motility. There are suggestions that other receptor species including the IGFR2/ M6P receptor may be capable of signal transduction and effects on trophoblast motility [15, 24] .
In this model, as trophoblast migrates more deeply into the decidua and myometrium, it progresses farther away from the villous mesenchyme where IGF-I originates, so the magnitude of the signal must clearly diminish. This suggests the possibility of a self-limiting mechanism for migration, in which local inhibitory stimuli eventually outweigh the stimulatory signal. The reason for the presence of both autocrine (IGF-II) and paracrine (IGF-I) stimuli is as yet unclear, though IGF-I produces a more notable streaming phenotype. An alternative interpretation is that the paracrine trigger might act simply as a switch to a migratory pattern of behaviour. The two IGFs differ in their effects on proliferation and differentiation of rat trophoblast [25] . The role of IGF binding proteins and in particular IGFBP-1, which is a major secretory product of decidual cells [18, 20] , in regulation of the IGF system at the maternofetal interface remains to be resolved [14, 18, 26] .
Conclusions
Extravillous cytotrophoblast differentiation requires at least two distinct steps (Fig. 8 ). In the first step, a column forms as a result of attachment to ECM. In the second step, IGF-I from placental mesenchymal cells stimulates progression to a fully migratory phenotype. This leads to a model in which, as the trophoblast migrates further away form its site of origin at the anchoring villus, through the decidua and into the myometrium, the migratory stimulus becomes diluted. Thus a mechanism is suggested whereby trophoblast migration might cease in the inner myometrium. Escape from paracrine regulation is likely to be a feature of trophoblastic tumours. Whether the IGF system also plays a role in the normal colonisation and transformation of maternal spiral arteries, and whether it may be affected in the major pregnancy pathologies of pre-eclampsia, IUGR and spontaneous abortion, remains to be investigated. Model showing paracrine influence of IGF-I on the migration of extravillous cytotrophoblast from the distal edge of an anchoring villus. In order to generate a pool of extravillous cells, initial anchorage to the decidual ECM is required. These cells then respond to local stimuli to detach and infiltrate the decidua. to IGF-I was as described previously [27] .
Materials and Methods
Tissue collection
Normal first trimester (8) (9) (10) (11) (12) week) placenta was obtained by elective surgical or medical termination of pregnancy. Tissue was collected in PBS supplemented with antibiotic and antimycotic solution (AAM; Sigma, Poole, UK) prior to dissection. The results obtained using the explant system were independent of collection method.
Explant culture
The explant culture method was as described in Aplin et al [10] . Dissected mesenchymal villous tissue was arranged radially on 80 µl drops of collagen type I gel, covered with 20 µl of serum-free medium (SFM; an equal mixture of DMEM and Ham's F12 (Gibco, Paisley, UK), supplemented with 1% AAM) and incubated overnight at 37°C, 5% CO 2 to allow attachment. Wells were then carefully flooded with 1 ml SFM and incubated at 37°C, 5% CO 2 .
After an initial period of 24 h during which cytotrophoblast proliferation occurs at the villous tips to produce anchoring cell columns [10] , growth factors or fibroblast conditioned SFM were added to the culture medium. IGF-I (10 ng/ml), TGF-β1 (4 ng/ml), activin AA (10 ng/ml) or IGF-II (10 ng/ml) were added daily to the culture medium and subsequent growth characteristics monitored by light microscopy. In addition, explants were cultured with monoclonal antibody Ab-1 (1 µg/ml) to human IGF receptor 1 (IGFR1) added daily (with or without 10 µg/ml IGF-I), or in the presence of fibroblast conditioned SFM depleted of IGF-I using immunoaffinity chromatography (see below). Cultures were continued up to 7 days.
This assay has the significant advantage of allowing migratory behaviour to be observed in living trophoblast, because migration occurs largely across the surface of the gel.
Thus whole mount examination can be undertaken without the need to produce thin sections. Outgrowths were examined qualitatively taking into account size, distance, the morphology of the constituent cells and their inter-relationships including cell-cell adhesion and sheet integrity. Semi-quantitative evaluation of cytotrophoblast outgrowths from explants was carried out by analysing individual sites at villous tips. Images of live cultures were captured using a an imaging system (KS400, Kontron Elektronik GmbH, Eching, Germany) coupled to a Leitz Diavert microscope. Outgrowth distance was evaluated on a scale of 0 (no outgrowth) to 3 (outgrowth > 1 mm from tissue edge). Cell morphology was described on a scale of 0 (tightly packed cells throughout the outgrowth) to 3 (majority elongated and radially-oriented cells). Note that the number of cells present is not evaluated, as this varies widely between sites and is critically dependent on the size of the area of contact between tissue and gel at the start of the explant, a parameter that varies with the shape of the villus. The two estimates were added together to produce a value in the range 1-6 for each site. At least 3 experimental series with replicates from different placentas were used for each treatment.
Placental fibroblasts
Fibroblasts were isolated and characterised from first trimester tissue as described previously [28] and routinely passaged in monolayer. In order to produce conditioned medium, cells just below confluence were incubated in serum-free medium for 3 days. IGF levels in this medium were measured using our previously reported RIA [29] . Serum-free fibroblast conditioned medium was depleted of IGF-I by affinity chromatography. 1 ml of anti-IGF-I antibody 15C9 (1 mg/ml [27] ) was coupled to activated Sephacryl, then the solid phase incubated with conditioned SFM for 16 h at 4°C. IGF-depleted medium was harvested by centrifugation at 2800 rpm,10 min, and the supernatant was filter-sterilised, aliquotted and stored at -20°C. RIA was used to confirm removal of IGF.
Immunocytochemistry
Fresh placental tissue and 4-7 day old explant cultures were snap frozen in OCT (Tissue-Tek, Cambridge, UK) and stored at -80°C. 6 µm cryosections were cut and mounted on poly-L-lysine-coated slides for immunocytochemical analysis. Cryosections were stained essentially as described previously [10] . IGFR1 was localised with antibody αIR-3 (5 µg/ml). Antibody to cytokeratin 7 was used as a positive control marker to verify the identity of trophoblast [28] .
Immunoassays
IGF-I was measured by a previously reported modification of the functional separation method [30] in which excess IGF-II blocks the interference from IGFBPs [29] . Briefly, samples were diluted 1:100 in acidic sample buffer and then incubated with 100 µg/l IGF-II, 125 I-IGF-I (20 000 cpm) and anti-IGF-I antibody (1:4000 dilution of clone BPL-M23) at 4C, pH 7.8 for 16 h. Separation of bound and free radioligand was performed with anti-mouse IgG linked to cellulose (Sac-Cel; IDS, Tyne & Wear, UK) for 1 h at 37C, followed by centrifugation at 1000 g for 10 minutes at 4C. The detection limit, defined as 10% displacement of the binding at zero dose of IGF-I was 0.08 ng/tube and the inter-and intra-assay coefficients of variation were 5.2-7.4% and 4.0-5.7% respectively. Cross reactivity with IGF-II and insulin was <2% for both peptides.
